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Abstract. Si-Ge based thermoelectric materials are of interest due to the challenges associated with 
energy recovery from waste heat in industrial processing. A directionally solidified, chill cast ingot 
of Si70Ge30 was broken into pieces before being subject to rapid solidification in reduced gravity. 
Drop-tube processing was employed to produce a powder sample with particle diameters in the range 
850-150 Ɋ. Solidification occurred under reduced gravity conditions during free-fall down the tube. 
Cooling rates of between 1800 and 20000 K s-1 were achieved among the various particle sizes. EDX 
analysis was used to confirmed that the starting material, drop-tube particles and a small amount of 
residual material left in the crucible were all the same composition. Scanning Electron Microscopy 
(SEM) was used to analyse the resulting microstructure as a function of cooling rate.  
The as-solidified microstructure consists of relatively large Si-rich grains with Ge localised at the 
boundaries, in line with the expected solidification pathway. The Ge is found to form numerous small 
Ge rich grains which decorate the boundaries of the much larger Si-rich grains, resulting in highly 
bimodal grain size distribution. This has not previously been reported in the scientific literature. The 
effect of cooling rate on grain size was studied using SEM and quantitative image analysis, with grain 
size being found, as expected, to decrease with increasing cooling rate. Point Energy Dispersive X-
Ray (EDX) was conducted on all samples at areas of interest; with the larger Si rich grains showing 
more Si than the original alloy composition (approx. 5-15% more). The small Ge rich grains showed 
relatively small amounts of Si (between 3-15%). The segregation and heterogeneity found in the 
microstructure of rapidly solidified particles, alongside the correlation in grain sizes determined by 
cooling rate, would be important in understanding and improving the conversion efficiency of SiGe 
whilst also maximising the cost-efficiency. 
Introduction 
Due to their application in micro-electronics, semiconductors such as ܵ݅ଵି௫ܩ݁௫ are the subject of 
great current interest. In particular, their tuneable band gap means that the alloy proves to be more 
flexible than current, pure silicon based, materials [1]. High mechanical strength and a high melting 
point, together with a low thermal conductivity at high temperatures (900 to 1200 K) [2], means that ܵ݅ଵି௫ܩ݁௫is often used in thermoelectrical power generation. The performance of electricity 
generation using heat from a thermoelectric material is determined by the dimensionless figure of 
merit: ܼܶ ൌ ߪܵଶܶȀߢ.                                                                                                                           (1) 
 
where ı is the electrical conductivity, S is the Seebeck coefficient, and ț is the thermal conductivity. 
The maximum efficiency is given as a function of the figure of merit ZT [3] by: 
 ߟ௠௔௫ ൌ  ்೓ି ೎்்೓ ൤ ඥଵି௓்ೌ ೡ೐ିଵඥଵି௓்ೌ ೡ೐ା ೎்Ȁ்೓൨.                                                                                                  (2) 
 
where ௛ܶ and ௖ܶ are the hot- and cold-side temperatures, respectively, and ௔ܶ௩௘is the average ( ௛ܶ ൅௖ܶ)/2. The maximum efficiency is a product of a reduction factor along with the Carnot efficiency 
( ௛ܶ െ ௖ܶሻȀ ௛ܶ. 
Interest in SiGe alloys in industry has been due to its ability to recover power by utilising waste 
heat and as a result increasing cost efficiency, particularly in steel manufacturing. One of the primary 
challenges in developing the next generation of SiGe thermoelectric materials is to avoid altering the 
 characteristics of SiGe when reducing the amount of the more expensive Ge component. SiGe alloys 
with compositions of Si ? ?Ge ? [4,5] and Si ? ?Ge ? [4] using a nanostructuring approach have previously 
been developed, this representing a lower Ge content than the commercial alloy that is available. 
Electromagnetic levitation studies have found that the solidification conditions can affect the 
development of the microstructure, so thermal conductivity of the lower Ge content materials can be 
decreased by departing from thermodynamic equilibrium (i.e. increasing undercooling) [7,8,9]. In a 
previous study, melt spinning was used to synthesise SiGe samples and they were compared against 
slow cooled SiGe samples of the same composition. During close to equilibrium solidification the 
microstructure appeared inhomogeneous, in contrast to the rapidly solidified samples which showed 
a greater degree of homogeneity. Increased solute trapping was thought to be the reason behind this, 
with the rapidly solidified samples displaying less segregation than the sample solidified close to 
equilibrium. The study also found that homogeneity was improved at a higher cooling rate, alongside 
a decrease in grain size. [5]. Another study in 2002 compared microgravity experiments conducted 
on SiGe samples using the Japan 0LFURJUDYLW\&HQWHU¶V-$0,&¶VGURSVKDIWDQGPGURSWXEH 
with samples processed under conventional conditions. Ground-based samples showed a higher level 
of segregation, though segregation was not fully suppressed even in the samples produced in 
microgravity. Segregation was thought to have occurred due to diffusion during unidirectional 
solidification [6]. Both studies found that the first region to solidify was the Si-rich grains followed 
by Ge-rich regions forming towards the edges and boundaries of the large distinctive Si-rich grains. 
Experimental Procedure 
Rapid solidification was affected by drop-tube processing. Small pieces broken from a 
directionally solidified, chill cast ingot of SiGe were obtained from Goodfellow. Multiple pieces of 
the ingot (approx. 4 g) were loaded into an alumina crucible which contained three u 300 Pm laser 
drilled holes in the base. A graphite susceptor was used to mount the crucible at the top of the drop-
tube and created a gas-tight seal to allow the molten alloy to be ejected under pressure. This was 
placed within a twin-walled alumina heat-shield surrounded by an induction coil that is connected to 
a 3 kW RF generator.  
Before melting the tube is flushed three times with oxygen free nitrogen at a pressure of 40 kPa 
after it is evacuated to a pressure of 1 Pa using an oil-filled rotary pump. A turbomolecular pump is 
then used to evacuate the tube to a pressure of 10-4 Pa before it is filled again to 40 kPa with dried, 
oxygen free nitrogen gas. An R-type thermocouple within the melt crucible was used for temperature 
determination. A 95-minute heating cycle was employed to melt the material with an estimated 50 K 
superheat prior to ejection.  Ejection is achieved by pressurising the crucible with 400 kPa of nitrogen 
gas. Further details of the drop-tube method can be found in Ref. [7] 
The solidified particulate samples were collected then sieved into the following standard sieve 
VL]HVȝPGȝPGȝPȝPGȝPȝPGȝPDQGȝP
GȝPZLWKGEHLQJWKHSDUWLFOHGLDPHWHU&RROLQJUDWHVIRUSDUWLFOHVLQIUHH-fall were estimated 
from the balance of heat fluxes, following the method given in [7]. For particles of 850, 500, 300, 
DQGȝPLQGLDPHWHUWKHHVWLPDWHGFRROLQJUDWHVIRUWKHXQGHUFRROHGOLTXLGZHUH
7200, 12000 and 20000 K s-1 respectively. Some SiGe melt remained in the crucible following the 
pressurisation, possibly due to the base of the crucible not being perfectly flat. The residue, starting 
material and drop-tube particles were all confirmed to be the same composition using EDS (described 
below). 
In preparation for Scanning electron microscopy (SEM) the samples were mounted in 
7UDQV2SWLFUHVLQEHIRUHEHLQJJURXQGDQGSROLVKHG7KHVDPSOHVZHUHWKHQsputter coated using a 
layer or Carbon. Full details of sample preparation for SEM analysis can be found in Ref [8]. The 
high-resolution settings in backscattered detection mode on the Hitachi SU8230 microscope were 5 
kV accelerating voltage (ܸܽܿܿ) and 30 ȝA probe current (ܫ݁). Grain size distribution from the SEM 
backscattered micrographs was analysed using the ImageJ software [9]. Electron Dispersive X-Ray 
(EDX) Spectroscopy maps were obtained for each sieved sample sizes, crucible residue and starting 
material, with point measurements also taken at areas within the micrographs of interest.  
 A Scheil calculation was also conducted for Si-Ge with a starting composition of 25 at. % Ge 
where diffusivity was assumed to be 0 in the solid fraction and infinite in the liquid. This was 
conducted using the CALPHAD modelling software package MTDATA [10] with version 4.3 of the 
SGTE database. 
Results 
SEM Microstructure Characterisation. A section of the starting crushed ingot was analysed 
using SEM backscatter to compare with rapidly solidified samples. The SEM micrograph, seen in 
Fig. 1a, appears to display a heterogenous microstructure with significant variations in Ge content. 
The microstructure of the residual crucible sample is displayed as an SEM backscatter micrograph in 
Fig. 1b and it also shows a heterogenous microstructure with significant variations in Ge content. 
The SEM backscatter micrographs shown in Figs. 2a ± 2e are associated with the drop tube 
processed samples of each size fraction. In contrast to previous studies we find, somewhat 
surprisingly, that the rapidly solidified samples show greater inhomogeneity with more visible 
segregation compared to either the starting or residual materials. Ge is found to be localising at the 
boundaries of the relatively large Si rich grains. Further investigation finds the Ge on the boundary 
of the large Si grains to be formed as smaller grains resulting in a bimodal grain size distribution. The 
segregation and Ge localisations are in line with the findings of Zhang et al [5] and Nagai et al [6], 
but the bimodal distribution of Si-rich grains and Ge-rich grains was not reported. Also visible are 
VHYHUDOµFURVV¶VKDSHVSRVVLEO\DUHVXOWRIFRULQJZLWKLQWKH6LJUDLQVZKLFKVXJJHVWWKHHDUO\VLJQV
of dendrite formation. 
The results of grain size distribution analysis, for the rapidly solidified samples, can be seen in 
Table 1. The average grain area, in ȝP2, for the Si-rich grains, Ge-rich grains and overall average 
grain area was investigated using a number (N) of scans at different sites within the sample(s) and 
this has been expressed with standard error. The average grain area can be seen to decrease as the 
cooling rate increases with a smaller particle size fraction. 
 
Table 1. Average area, in ȝP2, of A) Si-rich grains, B) Ge-rich grains and C) Overall average grain 
area observed in N number of SEM backscatter micrographs. 
 
Grain size distribution Average grain area in [ȝP2] (and standard error) 
Si-rich grains Ge-rich grains Overall average  
ȝPG N=3 844.57 (93.73) 60.74 (6.95) 264.04 (13.54) 
ȝPGȝP N=4 812.02 (229.61) 40 (3.39) 192.26 (20.97) 
ȝPGȝP N=3 679.4 (10.22) 24.0 (0.72) 132.81 (4.87) 
ȝPGȝP N=4 467.31 (70.62) 17.51 (0.35) 102.47 (3.84) 
ȝPGȝP N=3 321.81 (30.79) 9.75 (0.65) 65.21 (2.44) 
EDS Point Measurements. EDS area mapping confirmed that all samples showed the same bulk 
elemental composition (wt. %). EDS point measurements were taken for all samples at regions 
of maximum Si concentration and maximum Ge concentration and the results can be seen in figures 
1 and 2 as wt. % of Si/Ge. The EDS point measurements confirm the higher level of segregation seen 
in the micrographs of the rapidly solidified samples as the Si-rich grains appear to have a higher Si 
content that the starting alloy, and Ge-rich grains consistently have over 70% Ge. A high diffusive 
flux resulting from strong segregation would also help explain the visible dendrite fragments at the 
centre of some grains. 
 
  
Figure 1. SEM backscatter micrographs with EDS point measurements of A) Starting ingot, and B) 
Crucible residue. 
 
 
Figure 2. SEM backscatter micrographs with EDS point measurements of rapidly solidified 
samples with particle size fractions of A) ȝPG%ȝPGȝP&ȝPG
ȝP'ȝPGȝPDQG(ȝPGȝP. 
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 CALPHAD Modelling. Fig. 3 shows both the solid fraction (red) and the elemental composition 
of the growing solid (blue) as a function of solid fraction based upon a Scheil calculation. Noticeably, 
the solid fraction is seen to be strongly non-linear in the melting interval. The first solid formed is 
very Si-rich containing 84.3 wt. % Si and 14.7 wt. % Ge. Ge-rich regions are expected to solidify 
relatively late in the solidification sequence which is consistent with large Si-rich grains surrounded 
by grain boundaries high enriched in Ge, as observed in Fig. 2. Indeed, last parts of the microstructure 
to form would be expected to contain the highest concentration of Ge (approaching 100% Ge 
concentration). 
 
 
Figure 3. Scheil solidification sequence of the growing solid fraction and Ge composition in the 
growing solid fraction during rapid solidification. 
 
Conclusion 
It was found that the average grain size within the microstructure(s) correlated with the cooling 
rate, as a higher cooling rate resulted in a smaller average grain size. Both the microstructures found 
in SEM micrographs and the EDS point measurements seem to agree with the Scheil calculation with 
large Si grains expected to form first, and the solid fraction of the highest concentration of Ge to form 
at the end of solidification and occupy the Si grain boundaries. EDS point measurements also showed 
that the level of segregation found was higher than previously reported. 
The formation of a bimodal distribution with Si-rich grains followed by Ge-rich grains was found 
in the SEM backscatter images but interestingly this was not previously reported despite a similar 
microstructure found by Zhang et al [5] and Nagai et al [6].  
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